Background: Granulosa cell (GC) apoptosis is the main cause of follicular atresia, and oxidative stress is involved in this process. Results: GC apoptosis is caused by FoxO1 activity in oxidative stress. Conclusion: FoxO1 is critical in oxidative stress-induced GC apoptosis. Significance: Our results detail the mechanism of follicular atresia and indicate that FoxO1 is a potential target in preventing follicular atresia from oxidative stress.
Follicular atresia is common in female mammalian ovaries, where most follicles undergo degeneration at any stage of growth and development. Oxidative stress gives rise to triggering granulosa cell apoptosis, which has been suggested as a major cause of follicular atresia. However, the underlying mechanism by which the oxidative stress induces follicular atresia remains unclear. FoxO transcription factors are known as critical mediators in the regulation of oxidative stress and apoptosis. In this study, the involvement of FoxO1 in oxidative stress-induced apoptosis of mouse follicular granulosa cells (MGCs) was investigated in vivo and in vitro. Although there are numerous follicles in the ovaries of mammalians, most of them undergo degeneration during growth and development. This process is known as follicular atresia. Follicles consist of granulosa cells, theca internal cells and oocytes. Recent studies suggest that granulosa cell apoptosis is the main cause of follicular atresia, which displays DNA regular degradation, activation of caspases, and enhanced expression of Fas and IGFBP-5 (1) (2) (3) (4) . Reactive oxygen species (ROS) 3 are highly reactive oxygen groups, which damage cellular components, including DNA, protein, and lipid (5) . Generally, ROS are classified into three categories: nonradical ROS hydrogen peroxide (H 2 O 2 ), free oxygen radicals (O 2 . ) and hydroxyl radicals ( ⅐ OH) (6) . These radicals are generated by intracellular sources, such as normal aerobic metabolism, nutrient deprivation, and ischemia, in addition to environmental stress like ionizing radiation or UV (6 -7) . In fact, ROS are necessary for fundamental cellular processes, such as cell proliferation, survival, and migration (8) . However, when ROS are excessively generated, exceeding the eliminative rate, an unbalance between oxidant and antioxidant systems occurs, leading to adverse effects to tissues, a condition known as oxidative stress (9) . Oxidative stress can trigger apoptosis through several pathways. For example, ROS generated by external stimuli, such as H 2 O 2 , is implicated in most of the growth factor-inducing signaling cascades, including PI3K/Akt, JNK, MAPK, and NF-B. ROS can activate JNK, NF-B, and MAPK signaling pathways to trigger apoptosis and/or activate the PI3K/Akt pathway to induce cell survival (5, 10) . In mitochondria, H 2 O 2 , ionizing radiation, or UV elevates the ratio of Bax/Bcl-2 expression, leading to reduced mitochondrial membrane potential, cytochrome c release, and caspase-induced apoptosis (11) . In endoplasmic reticulum, the oxidative stress-induced endoplasmic reticulum stress activates JNK, CHOP, Bim, Bax, and Bak, impairs Bcl-2, and triggers apoptosis through a mitochondriondependent pathway (12) .
Oxidative stress-induced apoptosis is believed a major cause of follicular atresia (13) . It has been reported that ROS accumulation resulting from mutations in different complexes of the electron transport chain leads to premature ovarian insuffi-ciency and follicular atresia in human ovary (14) . In addition, during follicular atresia, apoptosis and protein oxidation were increased, and GSH glutathione levels were decreased in ewe follicles (15) . In contrast, inhibitors of oxidative stress suppress granulosa apoptosis during follicular atresia in rat ovaries (16) .
To elucidate the mechanism of oxidative stress and develop corresponding therapeutic tools, various oxidative stress models have been established, including in vitro cultured cell models and in vivo animal models (17, 18) . Several oxidants, such as H 2 O 2 , D-galactose, nicotine, methoxychlor, and 3-nitropropionic acid (3-NP), have been utilized in rodent models. For example, injection with D-galactose causes a global oxidative injury in rodents (19) . Long-term nicotine administration generates serious oxidative damage in rat kidneys (20) . Although the methoxychlor agent has been applied to the ovary oxidative stress model in rodents, it is also toxic and causes damage in many tissues (21) .
3-NP, a natural organic toxin from some plants and fungus, selectively inhibits succinic dehydrogenase complex (Complex II) in the mitochondrial electron transport chain. Because Complex II is an important linker between the tricarboxylic acid cycle and respiratory chain in the inner mitochondrial membrane, 3-NP structurally resembles succinate and irreversibly binds to Complex II, therefore resulting in a constant inactivation of Complex II (22) . Inhibition of Complex II interferes with the electron cascade and interrupts oxidative phosphorylation. Thus, 3-NP may induce a reduction in ATP production and oxidative stress (23) (24) (25) .
3-NP is also applied as a neurotoxin to simulate neurodegenerative diseases in the rodent model (26) , and it has been found that free radicals play a fundamental role in 3-NP-induced neuronal damage (27) . High ROS levels were previously detected when rats were intraperitoneally injected with 3-NP (28 -30) . However, there are few successful reports on the oxidative model specified in mouse ovary studies.
H 2 O 2 is widely used as a classical reagent to trigger oxidative stress in cultured cells, which may serve as a useful in vitro oxidative stress model (31) . H 2 O 2 is an important form of active oxygen and is easily accessible across the cell membrane (32) . The H 2 O 2 treatment generates highly reactive free radicals, which oxidize lipids, proteins, and nucleic acids in cultured cells (33) . Due to its reliable effects and relative economy in price, H 2 O 2 has become a very popular reagent in studying oxidative stress in different cell types (34) .
FoxO (Forkhead O), a subfamily of transcription factors, including FoxO1, FoxO3, FoxO4, and FoxO6, are able to regulate diverse cellular processes that include cell cycle arrest, DNA damage repair, apoptosis, proliferation, differentiation, stress response, senescence, longevity, metabolism, etc. (35) (36) (37) (38) (39) . As a member of this family, FoxO1 activity is regulated by several exogenous stimuli like growth factors and oxidative stress (40) . These stimuli will activate or inactivate FoxO1 by posttranslational modifications and subcellular localization (39) . For example, in response to the insulin/IGF-1 signaling activation, the phosphorylated FoxO1 by Akt is able to bind to 14-3-3 protein and to be retrotranslocated from the nucleus to the cytoplasm, where it becomes inactive (41). Conversely, inhibition of the PI3K/Akt pathway results in dephosphorylation and nuclear translocation of FoxO1, which induces cell cycle arrest and apoptosis by up-regulating the expression of the genes, such as cyclin-dependent kinase inhibitor p27 KIP1 , Bim, FasL (Fas ligand gene), and TRAIL (tumor necrosis factor-related apoptosis-inducing ligand gene) (42) (43) (44) (45) (46) . Also, FoxO1 activity is controlled by acetylation and monoubiquitination (47) .
FoxO transcriptional factors are critical regulators in response to oxidative stress. Oxidative states generated by treating cells with H 2 O 2 induce nuclear localization of FoxO members (5, 48 -49) . Much evidence indicates that several kinases are involved in the regulation of the FoxO activity in an oxidative stress condition. For example, JNK phosphorylates FoxO4 at threonines 447 and 451 after H 2 O 2 treatment through a small GTPase/Ral-dependent pathway in human colon cancer cells (5, 50) . Moreover, the JNK pathway activated by oxidative stress reduces PKB/Akt activity in pancreatic ␤-cell line HIT cells, resulting in decreased phosphorylation of FoxO1 at threonine 24 and serines 256 and 319 and increasing FoxO1 nuclear localization (50) . However, in certain cells, oxidative stress up-regulates the activity of PKB/Akt and SGK, which leads to a negative regulation of FoxO by the nuclear export (41, 51) . Therefore, the FoxO activity regulated by different kinases in response to oxidative stress depends on cell types.
FoxO transcriptional factors activated by oxidative stress induce the expression of a series of genes involved in cell cycle arrest, apoptosis, or oxidative stress resistance (39) . For example, FoxO1 triggers the expression of apoptosis-related genes, including Bim, FasL, Puma, and TRAIL, in response to oxidative stress and induces neuronal death in neurodegenerative diseases (52) . In contrast, the activation of FoxO3 protects cells from oxidative stress by up-regulating antioxidant enzymes superoxide dismutase 2 (SOD2) and catalase (53) (54) (55) . There are additional reports indicating that FoxO factors induce the expression of GADD45␣, p130, cyclin D2, p21, and p27 Kip1 , which are involved in cell cycle arrest and DNA repair under oxidative conditions (6, 56 -60) .
Many studies show the importance of oxidative stress in inducing granulosa cell apoptosis (16) . However, it remains to be determined whether FoxO1 is involved in this apoptotic process. In this study, we employed oxidative models to show that oxidant-induced FoxO1 plays a primary role in regulating mouse follicular granulosa cell (MGC) apoptosis. Our results suggest that the oxidative stress in MGCs initiates cell apoptosis by up-regulating the FoxO1 expression and increasing FoxO1 nuclear localization, promoting apoptosis-related gene expression. Such a mechanism of MGC apoptosis eventually may lead to follicular atresia in mice.
EXPERIMENTAL PROCEDURES
Induction of ROS in Vivo-To simulate oxidative stress, female ICR mice (Nanjing Qinglongshan Experimental Animal Center) were injected intraperitoneally with PBS or 3-NP (Sigma). 3-NP was dissolved in PBS to a concentration of 10 mg/ml (pH 7.4) and administered by intraperitoneal injection twice daily for 5 days at a dose of 50 mg/kg (61) . All animal experiments were performed according to the guidelines of the regional animal ethics committee.
Measurement of Intracellular ROS-Levels of ROS in cells
were measured using the GENMED intracellular ROS red fluorescence determination kit (GENMED, Shanghai, China) and the GENMED cellular superoxide anion colorimetric quantitative determination kit. ROS levels in the brain, liver, kidney, and spleen were detected by the GENMED tissue superoxide anion colorimetric quantitative determination kit. These procedures were performed according to the manufacturer's instructions.
Primary MGC Culture-Mice were injected intraperitoneally with 10 units of PMSG (62) and sacrificed 48 h later. Ovaries were obtained from superovulated mice and transferred into Petri dishes (35 ϫ 15 mm) filled with PBS and then pricked with a syringe under a surgical dissecting microscope to release MGCs. The cell suspensions were put into T75 flasks containing DMEM/F-12 (1:1) with 10% (v/v) fetal bovine serum and incubated at 37°C with 5% CO 2 for 7 days.
Cell Transfection and Treatments-Plasmids encoding FoxO1 shRNA or scrambled oligonucleotides were ordered from GenePharma (Shanghai, China) (for details, see supplemental Fig. S6 ). Expression vectors pcDNA3-FLAG-FKHR-(WT) and pcDNA4-FLAG-FKHR(AAA) (see supplemental Fig.  S3 ) were kindly provided by Dr. Haojie Huang (University of Minnesota). For the RNA interference experiment, primary cultured MGCs were transfected with FoxO1 shRNA or corresponding scrambled oligonucleotide control RNA (4 g/ml) for 6 h using Lipofectamine 2000 (Invitrogen). 24 h later, the cells were treated with H 2 O 2 (100 M) or insulin (100 ng/ml; Sigma) for another 24 h. For an overexpression experiment, MGCs were transfected with pcDNA3-FLAG-FKHR(WT) or pcDNA4-FLAG-FKHR(AAA) (4 g/ml) using Lipofectamine 2000, and the cells were cultured for 36 h before they were used for the next assay. For an insulin inhibition experiment, MGCs were treated with insulin (100 ng/ml; Sigma) for 24 h, and then the cells were exposed to H 2 O 2 (100 M) for another 24 h. All experiments were repeated in triplicate.
TUNEL Assay-The apoptosis rates were determined by the terminal deoxyribonucleotidyltransferase-mediated dUTP nick end labeling method (63) . The detailed procedure was performed according to the protocol of the In Situ Cell Death Detection Kit (Roche Applied Science). Images were obtained using a laser-scanning confocal microscope (Zeiss).
Annexin V/Propidium Iodide Assay-For a gain of function test, the cell apoptosis was also identified by an Annexin V/propidium iodide apoptosis kit (KeyGEN, Nanjing, China) according to the manufacturer's instructions. Briefly, the cells grown on coverslips were rinsed with PBS before the phosphatidylserine-exposed cell membrane was visualized by Annexin V-FITC staining at 4°C for 20 min in a dark place. Then cells were counterstained with propidium iodide at 4°C for another 5 min. After rinse, the coverslips were mounted on glass slides. Images were taken using a fluorescence microscope (Nikon).
Western Blot Analysis-Total proteins were prepared using radioimmune precipitation assay lysis buffer and quantified by the BCA method (Pierce). 15 g of total protein/sample was loaded onto a 7.5% SDS-polyacrylamide gel. After electrophoresis, the protein was transferred onto a PVDF membrane (Millipore, Billerica, MA) by electroelution. The membrane was incubated with anti-FoxO1 (catalog no. 1874-1, Epitomics), or anti-FoxO1-256s (catalog no. 9461, Cell Signal Technology) overnight at 4°C and with HRP-conjugated goat anti-rabbit secondary antibody (catalog no. sc-2030, Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)) for 2 h at 25°C. After washing, the membrane was processed using SuperSignal West Pico chemiluminescent substrate (Pierce). ␣-Tubulin, as an internal control, was detected with anti-tubulin antibody (1:1000) (catalog no. T5168, Sigma).
Quantitative RT-PCR (qRT-PCR)-Total RNA was isolated using TRIzol (Invitrogen), and the reactions were performed with Moloney murine leukemia virus RT according to the manufacturer's protocol (Promega). qRT-PCR was performed with SYBR Premix Ex Taq (Takara) in a reaction volume of 20 l. Primer sequences are listed in supplemental Table S1 .
Immunofluorescence Staining-MGCs were grown on coverslips and processed following a standard protocol. Briefly, the cells on coverslips were fixed with 3.7% paraformaldehyde, permeabilized with 0.5% Triton X-100 in PBS, and incubated with anti-FoxO1 antibody (catalog. no. 1874-1) (Genomics), antiFoxO1-256 (catalog no. 9461, Cell Signal Technology), or antiFoxO1-319 (catalog no. 2486, Cell Signal Technology) for 1 h at 25°C. Then the coverslips were incubated with goat anti-rabbit IgG conjugated with Alexa Fluor 488 (green) for another 1 h in a dark place. After the cell nuclei were stained with DAPI for 20 min, the coverslips were finally mounted on glass slides. Fluorescent images were taken using a laser-scanning confocal microscope (Zeiss).
Immunohistology-Mice ovaries were fixed with 4% paraformaldehyde and embedded in paraffin. Sections of ovaries were incubated with anti-FoxO1 (1:100) (catalog no. 1874-1, Genomics) and corresponding secondary antibodies with biotin labeling and then visualized by diaminobenzidie (Sigma). The cell nuclei were counterstained with hematoxylin (Nanjing Jianchen Institute of Biological Engineering, Nanjing, China). In the negative control group, primary antibody was replaced with 1% BSA, and false positive reactivity was not observed in this group.
Statistics-All values are presented as means Ϯ S.E. The statistical significance between groups was analyzed by one-way ANOVA, and values of p Ͻ 0.05 were considered significant. All experiments were repeated at least three times.
RESULTS

Administration of Oxidant 3-NP Induced Apoptosis in
MGCs-FoxO transcription factors are critical regulators in oxidative stress-induced apoptosis. However, the relationship among oxidative stress, FoxO, and apoptosis in follicular MGCs is still unknown. To address this issue, our study began with the measurement of effects of oxidative stress on ROS levels and apoptosis in the MGCs from the oxidative stress-simulated mice.
3-NP is a mitochondrial toxin, which inhibits succinate dehydrogenase and the tricarboxylic acid cycle, resulting in ATP reduction and oxidative stress. High ROS levels were detected previously when rats were intraperitoneally injected with 3-NP (28) . Thus, we applied 3-NP as an oxidant to establish an oxidative stress mouse model in our mammal ovary study. With this simulative model, we observed that ROS levels (Fig. 1, A and B) and DNA breaks (indicating apoptotic effect) (Fig. 1C) were dramatically increased in the follicular MGCs after mice were injected with 3-NP for 5 days. Under the same condition, although ROS signals in brain, liver, kidney, and spleen were detectable, no significant changes of ROS in these tissues were found compared with that from the negative control mice (Fig. 1E) . Our results suggest the specificity of oxidant effects on the follicular MGCs rather than on other tested tissues in the 3-NP injection mouse model. Moreover, our qRT-PCR assay results showed that the mRNA levels of proapoptotic genes (Bim, TRAIL, and caspase-3) significantly increased in the 3-NP-treated MGCs (Fig. 1D) . Considering the fact that 3-NP is able to induce oxidative stress and ATP reduction, both of which could potentially lead to apoptosis, the apoptosis observed in follicular MGCs following 3-NP treatment might not be caused fully by oxidative stress. Nevertheless, our data suggest that the 3-NP-treated mouse could be a relevant oxidative model for studying the oxidative stress and apoptosis conditions in follicular MGCs.
Oxidative Stress Affected FoxO Member Expressions in Follicular MGCs-FoxO mRNA levels were measured by qRT-PCR. When mice were treated with 3-NP, both FoxO1-and FoxO3-specific mRNA levels were significantly increased by 7.86-and 3.21-fold, respectively. However, no significant change in FoxO4 mRNA level was detected. The results indicate that oxidant 3-NP is able to induce FoxO1 and FoxO3 mRNA transcription in the follicular MGCs. Because the FoxO1 expression has a higher induced capability than that of FoxO3 in the 3-NPtreated follicular MGCs, we decided to mainly focus on FoxO1 function in this study. Consistent with the data from qRT-PCR FIGURE 1. Oxidative stress-induced apoptosis in MGCs. Mice were intraperitoneally injected with PBS or oxidant 3-NP, respectively. The intracellular ROS in the harvested follicular MGCs (A) and from the TUNEL assay of follicular MGCs in the ovary sections (C) from intraperitoneally injected mice were measured with a microscope. Bar, 50 m. B and E, ROS levels in follicular MGCs and several tissues were also quantified by nitro blue tetrazolium (NBT) staining. D, qRT-PCR showed the induction of apoptosis-related genes in response to oxidant treatments; the relative expression data were normalized to the amount of cellular ␤-actin. The corresponding data above represent mean Ϯ S.E. (error bars) (n ϭ 3). The statistical significance between groups was analyzed by one-way ANOVA. *, p Ͻ 0.05; **, p Ͻ 0.01.
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Oxidative Stress Induced Apoptosis in Cultured MGCs -To further confirm the effects of oxidative stress on follicular MGCs apoptosis and avoid possible ATP reduction from 3-NP treatment, we applied H 2 O 2 treatment in primary cultured MGCs and pursued very similar approaches mentioned in vivo above. Fig. 3 , A and B, shows the measurement of intracellular ROS induced by H 2 O 2 treatment in the cultured MGCs. As assessed by dihydroethidium bromide fluorescence, the ROSpositive cells as well as the fluorescence levels are increased in a dose-dependent manner when exposed to H 2 O 2 for 24 h. In Fig.  3C , the H 2 O 2 -treated cells displayed typical shrinkage and membrane bubbling as apoptosis characteristics. DAPI stained cells (bottom) also exhibited nuclear condensation and fragmentation in the oxidant-treated cells. To evaluate the effects of ROS accumulation on MGCs apoptosis, the cultured MGCs were treated with H 2 O 2 in various concentrations as indicated for 24 h (Fig. 3D) . The apoptotic effects detected by a TUNEL assay showed a dose-dependent increase in the number of apoptosis-positive MGCs after the H 2 O 2 treatment (Fig. 3, D  and E) .
To avoid overoxidation that may cause non-physiological cell death, the minimal dose of H 2 O 2 that generates substantial apoptosis was determined. Because cells treated with 100 M H 2 O 2 exhibited significantly higher apoptosis rates (Fig. 3, D and E) and cellular ROS levels (Fig. 3, A and B) than those treated with a negative control, the dose of 100 M H 2 O 2 was considered the minimal dose to trigger apoptosis in the cultured MGCs and was chosen for the subsequent experiments. Meanwhile, qRT-PCR was performed to examine transcript levels of several apoptotic genes, including Bim, TRAIL, FasL, and caspase-3. These mRNA expressions were remarkably enhanced in the cells treated with H 2 O 2 for 24 h (Fig. 3F) . Taken together, the results suggest that in vitro oxidative stress induced by H 2 O 2 triggers apoptosis in cultured MGCs.
Oxidative (Fig. 2A) . To confirm the in vivo observation, the FoxO1 expression levels were evaluated in cultured MGCs treated with H 2 O 2 . As shown in Fig. 4 , both FoxO1 mRNA and protein levels were significantly elevated in the H 2 O 2 -treated MGCs (Fig. 4, A-C) . Taken together, the data from in vivo (Fig. 2) and in vitro models demonstrated that FoxO1 was up-regulated by the oxidant treatment in MGCs. In addition, immunofluorescence studies indicated that H 2 O 2 treatment induced nuclear translocation of FoxO1 ( Fig. 4D and  supplemental Fig. S1 ), suggesting an increase of FoxO1 transactivation activity under the condition. All of these results are in line with the notion that H 2 O 2 treatment is able to facilitate FoxO1 activity in MGCs.
Overexpression of FoxO1 Up-regulated the Expression of Proapoptotic Genes in MGCs-Because our data (Figs. 3 and 4) showed that H 2 O 2 treatment induced FoxO1 activation and apoptosis in MGCs, the roles of FoxO1 in MGC apoptosis were investigated. We first determined the effects of overexpression of either wild-type FoxO1 or a constitutively active FoxO1 mutant on apoptosis in MGCs. As shown in Fig. 5A , Annexin V-propidium iodide (PI) staining indicated that cell apoptosis was increased significantly after transfection with wild-type FoxO1 expression vector. Fig. 5B showed FoxO1 nuclear translocation compared with a control group in MGCs, suggesting that enhanced FoxO1 expression might promote the nuclear FoxO1 translocation. This observation is consistent with the results obtained from the oxidant treatment test (Fig. 4D and  supplemental Fig. S1 ). To further test if the overexpressed FoxO1 is related to inducing the MGC apoptosis, mRNA levels of apoptosis-related genes, Bim, TRAIL, FasL, and caspase-3, were measured by qRT-PCR. We found that all of the tested transcripts were significantly increased after overexpression of FoxO1 compared with levels in cells transfected with empty vector (Fig. 5C) programmed cellular death induced by oxidative stress. Plasmids expressing shRNAs were used to specifically knock down FoxO1 mRNA in the cultured MGCs, followed by treatment of the cells with H 2 O 2 . Four shRNAs against FoxO1 were first screened for their potency and specificity. shRNA 1979 was identified as the most potent and specific shRNA in silencing FoxO1 and was used for the subsequent experiments (Fig. 6A) . After primary MGCs were transfected with FoxO1 shRNA FIGURE 3. Oxidative stress-induced apoptosis in cultured MGCs. MGCs were treated with H 2 O 2 at different concentrations as indicated for 24 h before harvested for tests. A, intracellular ROS were accumulated in a H 2 O 2 dose-dependent manner. The ROS levels were detected by dihydroethidium bromide fluorescence (red), and nuclei were counterstained with DAPI (blue). B, quantification of intracellular ROS levels. ImageJ software was employed to analyze the optical density in each cell represented in A. C, H 2 O 2 treatment induced apoptosis in MGCs. MGCs treated with or without H 2 O 2 for 24 h were observed using laser confocal-scanning microscopy. Bottom, nuclei were stained with DAPI (blue). Magnification was ϫ400. D, apoptosis increased in a H 2 O 2 dose-dependent manner in MGCs. Apoptosis was detected by TUNEL staining (FITC labeling). TUNEL-positive cells were displayed in green staining in the nuclei, which merged with the DAPI counterstaining (blue). Bar, 20 m. E, quantification of the apoptosis rates (average number of TUNEL-positive staining nuclei per visual field). Experiments were repeated in triplicate, and three fields of each coverslip were selected in random for counting. Data represent mean Ϯ S.E. (error bars) (n ϭ 3). F, H 2 O 2 promotes the expression of apoptosis relative genes. qRT-PCR was applied to detect the relative expression of these genes. The relative expression data were normalized to the amount of cellular ␤-actin. Data represent mean Ϯ S.E. (n ϭ 3). The statistical significance between groups was analyzed by one-way ANOVA. *, p Ͻ 0.05; **, p Ͻ 0.01.
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VOLUME 287 • NUMBER 31 • JULY 27, 2012 plasmid or scrambled control shRNA plasmid for 24 h, the cells were treated with 100 M H 2 O 2 for 24 h, followed by assay of FoxO1 expression, translocation, its target gene expression, and apoptosis. Data from the qRT-PCR assay showed that transfection of FoxO1 shRNA plasmid strikingly knocked down FoxO1 mRNA level, which was elevated by H 2 O 2 treatment (Fig. 6B ). In agreement with this observation, transfection of FoxO1 shRNA plasmid also reduced FoxO1 protein levels in the MGCs treated with or without H 2 O 2 (Fig. 4B) . Immunofluorescence from FoxO1 antibody indicated that transfecting FoxO1 shRNA abolished the nuclear distribution of FoxO1 in MGCs ( Fig. 4D and supplemental Fig. S1 ).
We next evaluated the effects of FoxO1 on apoptosis under the same oxidative stress condition. It was found that TUNELpositive signals were significantly abrogated in the FoxO1 shRNA transfection group (Fig. 6, C and D) . Furthermore, the mRNA levels of apoptosis-related genes (Bim, TRAIL, FasL, and caspase-3) were significantly reduced as a result of FoxO1 knockdown (Fig. 6E) . The results suggest that knockdown of FoxO1 attenuates the transcriptional activation of its downstream target genes involved in apoptotic process, and therefore protecting MGCs from the H 2 O 2 -induced apoptosis. Thus, it was concluded that FoxO1 plays a pivotal role in the oxidantinduced apoptosis in MGCs.
Insulin Inhibits H 2 O 2 -induced Apoptosis in MGCs-Previous studies have shown that FoxO1 activity is repressed by insulin, which induces FoxO1 phosphorylation through activation of the PKB/AKT signaling pathway, and therefore preventing FoxO1 from entering into the cell nucleus (51) . To further confirm the role of FoxO1 in MGC apoptosis, we applied insulin treatment in our MGC model. MGCs were treated with 100 ng/ml insulin for 24 h, followed by treatment with 100 M H 2 O 2 for another 24 h. As shown in Fig. 7A , when insulin was absent, the oxidant H 2 O 2 treatment enhanced FoxO1 nuclear translocation. In contrast, the presence of insulin attenuated FoxO1 nucleus localization strikingly ( Fig. 7A and supplemental Fig.  S4 ). The result indicated that the phosphorylated FoxO1 proteins remained in the cytosol. Also, TUNEL data showed that DNA fragmentation in the H 2 O 2 -treated MGCs decreased significantly when the cells were treated with insulin (Fig. 7, B and  C) . The result implied that insulin treatment reduced H 2 O 2 -induced apoptosis. As expected from the MGCs, our qRT-PCR data shown in Fig. 7D confirmed that H 2 O 2 treatment failed to induce mRNA levels of apoptosis-related genes, Bim, TRAIL, FasL, and caspase-3, when the MGCs were treated with insulin. All of these data are in line with the notion that insulin inhibits the nuclear translocation of FoxO1 induced by the oxidant treatment, consequently repressing the expression of the FoxO1 target apoptosis-related genes and reducing the apoptosis rate in MGCs. It appears that as a transcriptional activator, FoxO1 exerts its activity in cell nucleus and plays a major role in MGC apoptosis during the oxidative stimulation. 
DISCUSSION
In this study, we provided new insights into the regulation of apoptosis in response to oxidative stress in granulosa cells. Oxidant 3-NP was used to generate oxidative stress on ovaries in a mouse model, in which ROS specifically increased in follicular granulosa cells but not other tissues we examined (Fig. 1) . Also, when using 3-NP to inject mice or H 2 O 2 to treat primary cultured MGCs, it was found that FoxO1 expression was dramatically up-regulated in the oxidative stress condition, followed by elevation of the apoptosis-related gene expressions as well as an increase of cell apoptosis in MGCs (Figs. 1-4) . Overexpression of wild-type FoxO1 or a constitutively active FoxO1 mutant apparently enhanced MGC apoptosis rates (Fig. 5) . In contrast, when the FoxO1 expression is knocking down, the MGCs could be prevented from the oxidant-induced apoptosis (Fig. 6) . Moreover, our results showed that the insulin treatment inhibited FoxO1 nuclear translocation, consistent with reports from other research groups that inhibition of FoxO1 translocation reduces apoptosis-related gene expression and prevents cell apoptosis in the MGCs treated with oxidant H 2 O 2 (Fig. 7) . Thus, evidence strongly suggests that FoxO1 plays a pivotal role in oxidative stress-induced MGC apoptosis, which can be inhibited by other preventive signaling.
Evidence from various types of mammal cells indicates that FoxO1 induces apoptosis by activating apoptosis-related gene expression (64) . In fact, several FoxO1 target proapoptotic genes have been identified (44, 45, 51, 65, 66) . For example, three conservative FoxO member-binding sites are located within the promoter of FasL in CHO cells and human 293T cells (51) . FasL is a proapoptotic gene encoding a protein specifically combining with the death receptor APO-1/CD95 and activates apoptosis in human cells (67) . Similarly, FoxO1 induces the expression of TRAIL in human prostate cancer cells because the TRAIL promoter contains a FoxO consensus site, indicating that TRAIL is a direct target of FoxO1 (45) . TRAIL as a death receptor ligand promotes apoptosis via a death receptor Immunofluorescence was performed using anti-FoxO1 (red), and the nuclei were counterstained with DAPI (blue). Bar, 100 m. C, overexpression of FoxO1 increased mRNA levels of apoptosis-related genes. Quantitative RT-PCR was applied to measure the corresponding mRNA levels. The relative expression data were normalized to the amount of cellular ␤-actin. The corresponding data above represent mean Ϯ S.E. (error bars) (n ϭ 3). The statistical significance between groups was analyzed by one-way ANOVA. *, p Ͻ 0.05; **, p Ͻ 0.01. signaling pathway (67) . Also, FoxO1 is involved in transactivating the expression of Bim, which encodes a BH3-only protein belonging to the Bcl-2 family and triggers apoptosis in a mitochondria-dependent pathway. It has been found that two FoxO consensus sites exist in the promoter region of Bim in rat cells (44) . In this study, it was found that Bim, TRAIL, and FasL expression was up-regulated in a FoxO1-dependent manner in the mouse granulosa cells either treated in vivo with oxidant 3-NP (Fig. 1D) (Fig. 3F) . Interestingly, when we specifically attenuated endogenous FoxO1 expression in mouse granulosa cells by RNAi, the expression of proapoptotic genes, Bim, TRAIL, and FasL, was subsequently reduced (Fig. 6E) . In fact, the overexpression of a wild-type FoxO1 or a constitutively active mutant FoxO1 induced a significant increase of mRNA levels of these proapoptotic genes (Fig. 5C ). Our data suggest that the proapoptotic genes, Bim, TRAIL, and FasL, their expressions being up-regulated by the FoxO1 activation in MGCs, may be similar to the genes previously reported in the other mammal cells.
Cell apoptosis can be initiated by a mitochondria-dependent or -independent apoptosis pathway (68) . Both pathways trigger apoptosis by activating different caspase cascades and converging on caspase-3, the executor of apoptosis. In our study, the caspase-3 mRNA level increased with oxidant treatment or FoxO1 overexpression in MGCs, which is positively correlated with elevating expression of Bim, TRAIL, and FasL (Figs. 1D, 3F , and 5C). Although it was not known whether FoxO1 directly transactivated caspase-3, the elevation of caspase-3 expression by FoxO1 up-regulation suggested that caspase-3 could act in concert with Bim, TRAIL, and FasL in oxidative stress-induced MGC apoptosis.
Moreover, we inhibited FoxO1 activity by insulin in primary cultured MGCs (Fig. 7) . This result suggested that FoxO1 is a player in the induction of MGCs apoptosis under oxidative conditions. FoxO members have consensus Akt phosphorylation sites in the Forkhead domains (39) . Through the insulin signaling pathway, Akt phosphorylates FoxO members at these sites, facilitating their binding to 14-3-3 proteins, and the subsequent sequestration in the cytoplasm, thus promotes cell survival (51) .
Akt activity is regulated cell type-dependently. For example, NADPH oxidase 2-derived oxidative stress down-regulates AKT activity in pancreatic ␤-cells, resulting in FoxO1 nuclear translocation and apoptosis (69) . However, in vascular endothelial cells, kallistatin attenuates apoptosis during oxidative stress by activating Akt signaling and down-regulating FoxO1 expression (70) . Therefore, we evaluated the phosphorylation levels of serine 256 and 319 residues in FoxO1. However, we observed a possible change of less phosphorylation in these sites under oxidative stress in MGCs (supplemental Fig. S2 ). It could be interpreted that Akt signaling may not be active in the oxidative stress-induced apoptosis; nevertheless, this situation favored MGC apoptosis under oxidative conditions.
In addition to triggering apoptosis, FoxO members also play a role in stress resistance and protect cells from oxidative damage. In Caenorhabditis elegans, oxidative stress can induce DAF-16 (a homologue of mammalian FoxO)-dependent expression of catalase and SOD3 (a homologue of mammalian Mn-SOD) and prolong the life span of C. elegans (46) . In quiescent cells, FoxO3 activated by oxidative stress can enhance the expression of Mn-SOD and protect cells from oxidative damage (53) . In addition, inhibition of FoxO activity by PKB/Akt reduces the expression of Mn-SOD and catalase (53, 71) . Expression of FoxO3 results in an increase in catalase expression levels in human cells (71) . Moreover, conserved FoxO binding sites are located within the promoter of glutathione peroxidase in both mice and humans, implying that glutathione peroxidase is a direct target of FoxO (54) . In our study, up-regulation of FoxO1 expression was associated with substantial elevation of Mn-SOD, catalase, and glutathione peroxidase expression in MGCs under oxidative stress (supplemental Fig.   S5 ). Our data agreed with previous observations in other cell types (39) . Thus, under oxidative stress conditions, FoxO1 can either trigger apoptosis by inducing proapoptotic genes or promote cell survival by up-regulating antioxidant genes. These observations support the notion that cell fate in response to oxidative stress is dependent upon cell type, cell differentiating state, or oxidant treatment conditions (6) . A summary shown in Fig. 8 displays a mechanism by which FoxO1 (or other FoxO members) may act as a sensor in modulating the fate of cell apoptosis under oxidative stress.
Although there are many oxidative stress models, few have been well applied for the follicular atresia studies. It has been reported that oxidative stress derived from the in vivo treatment of methoxychlor can inhibit follicular growth and lead to follicular atresia in the mouse ovary (21) . As an organochlorine pesticide, methoxychlor causes damages in liver, kidney, and cardiac cells due to its toxic effects (72). 4-Vinylcyclohexene was also reported as a toxin targeting mouse ovaries, but 4-vinylcyclohexene-induced follicle loss is not related to oxidative stress (73, 74) . Oxidative stress has been reported when rodent models were treated with 3-NP (27) (28) (29) (30) . For example, a high ROS level was detected in rat striatum intraperitoneally injected with 3-NP, and this effect was attenuated by free radical scavengers, antioxidants, and NO synthase inhibitor (28) . Another report indicated that free radicals play a role in neuronal damage induced by 3-NP in injected rats (27) . 3-NP has been used in mammal models simulating neurodegenerative diseases (26) . However, there is little evidence of oxidative stress effects on follicular atresia in rodent models. In this study, we used 3-NP to establish a mouse model for simulating FIGURE 8 . A model of the role of FoxO1 in oxidative stress-induced apoptosis in mouse granulosa cells. When ROS is generated either by endogenous sources like aerobic metabolism and ischemia or by environmental stress like ionizing radiation and UV light, the excessive ROS accumulation results in oxidative stress in the cells. As a pivotal sensor of intracellular ROS, FoxO1 function is enhanced by both FoxO1 expression up-regulation and nuclear translocation, therefore activating the transcription of FoxO1 target genes, including either proapoptosis or stress-resistant genes. The proapoptotic genes transfer the stress signal through mitochondrial pathway and finally initiate caspase-3 activity and cell apoptosis. But the oxidative stressresistant genes serve to reduce the cellular ROS level, which may provide negative feedback to balance the FoxO1 expression during oxidative stress. Independently, insulin signaling can reduce the FoxO1 function via the PKB/ AKT pathway phosphorylating FoxO1 and prohibiting the FoxO1 nuclear localization, thereby protecting granulosa cells from oxidative stress-induced apoptosis.
oxidative stress specified in mammal ovaries. According to our treatment procedure, we succeeded in inducing oxidative stress in follicles when the mice were injected with 3-NP, increasing ROS levels in follicular MGCs (Fig. 1, A and B) . Exclusively, ROS levels in brain, liver, kidney, and spleen remained constant in the 3-NP-injected mice (Fig. 1E) . From our ongoing experiments, our data 4 showed that 1) no significant difference in the mouse growth rate between the 3-NP-treated and untreated groups was detected; 2) no significant difference in mortality rate between the 3-NP-treated and untreated groups was observed; 3) the ovary weight was reduced significantly in the 3-NP-treated group compared with the untreated group, whereas the weights of other tissues (brain, kidney, liver, and spleen) were similar in both groups; and 4) the ratio of Bcl-2/ Bax mRNA (indicating apoptotic effect) was significantly increased in the follicular MGCs after mice were injected with 3-NP compared with the control group, whereas such ratios in other tissues (brain, kidney, liver, and spleen) were similar in both groups. These observations indicated the specificity of oxidative stress effects on MGCs under 3-NP treatment conditions. Using our 3-NP-treated mouse model, we cannot explain why ROS levels were not boosted in the brain, although a previous study reported that 3-NP could induce oxidative stress in the stratum and cortex (28) . The difference may be due to different rodent species, mouse breeding, and/or raising environments.
In our another ongoing experiment to confirm the effect of 3-NP on follicular atresia, we found that the ovaries from mice injected with 3-NP had fewer follicles and that their follicular fluid looked opaque compared with that of untreated controls (data not shown). Our data 4 also showed that the 3-NP treatment reduced large follicle numbers and increased follicular atresia in the mouse ovary. These results were consistent with previous reports of oxidative stress-induced follicular atresia in other oxidant-treated mammals (14 -16) . Hence, the 3-NP treatment mouse model may be eligible as an experimental oxidative stress platform to evaluate the effects of antioxidants on the development of mammal ovaries in future studies.
Because granulosa cell apoptosis is the main marker of follicular atresia (75) , establishing oxidative models specific to ovary follicular granulosa cells will be useful in the study of follicular atresia. H 2 O 2 is commonly used to produce oxidative stress in cultured cells (31, 34) . However, few reports described applying H 2 O 2 to research oxidative stress in granulosa cells. In this study, H 2 O 2 -treated primary MGCs was used as an oxidative stress model, in which ROS levels and apoptosis rate increased in MGCs in an H 2 O 2 dose-dependent manner. Importantly, the FoxO1 expression was dramatically up-regulated under the same conditions. Moreover, we proved that oxidative stressinduced FoxO1 expression caused cell apoptosis. Thus, the in vitro model allowed us to manipulate the expression of FoxO1 to elucidate the mechanism involved in oxidative stress-induced apoptosis in MGCs.
Obviously, there are other stress types in addition to oxidative stress, such as heat stress, cold stress, and starvation stress.
Many studies suggest that there is a link among these various stresses in animals. For example, heat stress is implicated to generate ROS, because the gene expression pattern induced by heat stress (heat shock protein and oxidative response protein) is similar to that triggered by oxidative stress (76 -77) . The ROS derived from heat stress is considered to be responsible for the physiological dysfunction and the decline in animal performance (78) . Cold stress can be simulated by keeping homeothermic animals in a cold environment. In response to the cold exposure, animals need a continuous supply of heat production to maintain body temperature (79) . Oxidative stress has been detected in several animal tissues, which appears to be associated with the thyroid hormone level during cold stress (80) . In addition to heat and cold stresses, starvation stress, restraint stress, psychological stress, and sleep deprivation stress are also proven to induce oxidative stress in the subject animals (81) (82) (83) . Because these stresses are associated with oxidative stress, they may also be contributing factors that cause follicular atresia in mammals. Therefore, the study of the oxidative stress in MGCs will provide the potential to develop a relevant model to investigate the mechanisms associated with these stresses in the future.
